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Neutrophils represent the front-line defence cells in protecting organisms against infection and play an irreplaceable role in the
proper performance of the immune system. As early as within the ﬁrst minutes of stimulation, neutrophilic NADPH oxidase is
activated, and cells release large quantities of highly toxic reactive oxygen species (ROS). These oxidants can be highly toxic not
only for infectious agents but also for neighboring host tissues. Since ﬂavonoids exhibit antioxidant and anti-inﬂammatory eﬀects,
they are subjects of interest for pharmacological modulation of ROS production. The present paper summarizes contemporary
knowledge on the eﬀects of various ﬂavonoids on the respiratory burst of mammalian neutrophils. It can be summarized that
the inhibitory eﬀects of ﬂavonoids on the respiratory burst of phagocytes are mediated via inhibition of enzymes involved in cell
signaling as well as via modulation of redox status. However, the eﬀects of ﬂavonoids are even more complex, and several sites of
action, depending upon the ﬂavonoid structure and way of application, are included.
1.Introduction
Phagocytes, including neutrophils, play a key role in host
defense against invading pathogens and play a crucial role
in inﬂammatory processes. Neutrophils inﬁltrate inﬂamed
tissues, degranulate their secretory vesicles, and release large
amounts of bioactive compounds. As early as within the
ﬁrst minutes of stimulation, neutrophilic cells release large
quantities of highly toxic reactive oxygen species (ROS), dur-
ing the so-called “respiratory burst.” ROS are known to be-
long to the most eﬃcient microbicidal mechanisms. Thus,
neutrophils represent the front-line defence cells in protect-
ingorganismsagainstinfectionandplayanirreplaceablerole
in the proper performance of the immune system. How-
ever, excessive ROS production can further promote the
inﬂammatoryprocessandcontributetodamagingthebody’s
owncellsandtissues.Accumulatingevidencesuggeststhatan
abnormal, ineﬀective, or absent regulation of ROS produc-
tionparticipatesinthepathogenesisofchronicinﬂammatory
disorderssuchasasthma,rheumatoidarthritis,allergicrhini-
tis,chronicobstructivepulmonarydiseases,orinﬂammatory
bowel disease [1, 2].
2. Respiratory Burst of Neutrophils
The respiratory burst of neutrophils is primarily character-
ized by the production of the superoxide anion radical, the
ﬁrst ROS produced by neutrophils upon their contact with a
variety of stimuli (e.g., cytokines, growth factors, fragments
of bacterial membranes, opsonins, and others). The signiﬁ-
cant source of the superoxide anion radical after stimulation
was shown to be the NADPH oxidase multicomponent en-
zyme complex [3, 4]. NADPH oxidase includes the mem-
brane-bound cytochrome b558, consisting of gp91phox and
p22phox, and the cytosolic components p47phox, p67phox,
and Rac1. In resting neutrophils, the NADPH oxidase com-
plex is unassembled, and speciﬁc granules carrying ﬂavo-
cytochrome b can serve as a storage pool and a mechanism2 Oxidative Medicine and Cellular Longevity
by which ﬂavocytochrome b is recruited to the plasma
membrane and phagosomes. Upon activation, the cytosolic
components associate with the membrane components, and
the newly formed enzyme complex actively catalyzes the
production of the superoxide anion radical [1, 5].
Interestingly, some agents do not directly induce a
strong activation of phagocytes, but instead induce the so-
called “priming” of phagocytes, accompanied with only lim-
ited degranulation, however with a signiﬁcant potentiation
of a respiratory burst in response to consequent stimula-
tion with other activators. Thus, these priming agents—in-
cluding proinﬂammatory cytokines, granulocyte-macro-
phagecolony-stimulatingfactor,tumornecrosisfactoralpha,
and lipopolysaccharide (LPS)—are known to induce weak
ROS production by neutrophils, but they strongly enhance
ROS formation after exposure of phagocytes to a second,
activating stimulus [6, 7].
Neutrophil-derived ROS modulate both the extra- and
intracellular redox environments that play a key role in the
regulation and potentiation of inﬂammatory responses. On
the other hand, oxidants produced by NADPH oxidase can
be highly toxic, not only for infectious agents but also
for neighboring host tissues. Therefore, the tight regula-
tion of the enzyme complex is necessary to control their pro-
duction. The intracellular redox status can be pharmacolo-
gically modulated by chemical antioxidants that act by do-
nating an electron to a free radical and converting it to a
nonradical form, or by the inhibition of enzymes involv-
ed in ROS production, including inhibitors of NADPH
oxidase. Since polyphenols exhibit antioxidant and anti-
inﬂammatoryeﬀects,they aresubjectsofinterestaspotential
compounds for such use [8, 9].
3. Polyphenols and Flavonoids
Polyphenols represent a wide variety of compounds derived
from plants, for which they play a protective role. They form
a vast family of many thousands of molecules found in
everyday foods such as fruits and vegetables and chocolate.
Polyphenols are also used in the food and cosmetics indus-
tries, as additives and supplements. Although there are lim-
ited data on speciﬁc polyphenols, polyphenol-rich foods
have previously been associated, in multiple studies, with a
decreased risk of cardiovascular and inﬂammatory diseases
[10–12].
Flavonoids are the most abundant and most studied class
ofpolyphenols.Inthelastdecades,ﬂavonoidshavebeencon-
sidered promising plant secondary metabolites with antiox-
idative and immunomodulatory properties. Foods and bev-
erages rich in ﬂavonoids have been associated, in several
epidemiologic studies, with a decreased risk of age-related
diseases, and the concept that ﬂavonoids and other phenolic
compounds are responsible is supported by several animal
and in vitro studies [13, 14]. The aim of the present paper
is to summarize contemporary knowledge on the eﬀects of
various ﬂavonoids on the respiratory burst of mammalian
neutrophils.
4. Effects of Flavonoids on the Production of
ROS by Neutrophils In Vitro
4.1. The Eﬀect on the Activation of NADPH Oxidase. The
inhibitoryeﬀectofﬂavonoids(kaempferol,morin,quercetin,
and ﬁsetin) on the respiratory burst of neutrophils was
observed by Pagonis et al. [15] early as in 1986. While the
distribution of ﬂavonoids in nitrogen-cavitated neutrophils
paralleledtheirrespectivehydrophobiccharacteristics,allthe
studied ﬂavonoids inhibited hydrogen peroxide generation.
Similarly, Zielinska et al. [16] approved the antioxidative
properties of natural ﬂavonoids (quercetin, kaempferol, and
isorhamnetin) against the respiratory burst of polymor-
phonuclear neutrophils from healthy human donors in vitro,
as measured by ﬂow cytometry using dichloroﬂuorescein
diacetate and luminol-dependent chemiluminescence. The
authors found that the studied compounds decreased neu-
trophil hydrogen peroxide production in a concentration-
dependent manner. They also asserted that the antioxidative
activity of ﬂavonoids depended on the number of hydroxyl
groups. Wang et al. [17] investigated the cellular localization
of the inhibitory eﬀect of a natural ﬂavonoid cirsimaritin
against a formyl-methionyl-leucyl-phenylalanine- (fMLP-)
induced respiratory burst in rat neutrophils. Cirsimaritin, in
aconcentration-dependentmanner,inhibitedthesuperoxide
anion radical generation and the oxygen consumption of
neutrophils. On the other hand, cirsimaritin did not reduce,
but slightly enhanced, the superoxide anion radical genera-
tion in phorbol 12-myristate 13-acetate- (PMA-) activated
or arachidonic acid-stimulated NADPH oxidase.
The results of these authors indicate that it is likely that
theinhibitionofthefMLP-inducedrespiratoryburstbycirsi-
maritin in rat neutrophils is mainly through the blockade of
the phospholipase D (PLD) signaling pathway. As observed
in the following experiments [18], fMLP-induced super-
oxide anion radical generation and oxygen consumption
in rat neutrophils were also inhibited by 2,5-dihydroxy-
2-furfurylchalcone (DHFC), in a concentration-dependent
manner. However, DHFC was less eﬀective in the inhibition
of both PMA-activated neutrophil NADPH oxidase activity
and arachidonic acid-induced NADPH oxidase activation.
The authors also conﬁrmed that fMLP-induced cellular PLD
activation was markedly inhibited by DHFC. On the basis
of further experiments, the authors concluded that, in all
probability, the suppression of the fMLP-induced respiratory
burst by DHFC is mainly attributable to the inhibition
of PLD activation via the blockade of protein kinase C-
(PKC-) alpha, ADP-ribosylation factor (Arf), and RhoA
membrane association [18]. This suggestion is in very good
agreement with the results of Chang et al. [19], who reached
similar results with a potential synthetic anti-inﬂammatory
drug 2-benzyl-3-(4-hydroxymethylphenyl) indazole (CHS-
111). Schematic diagram showing the possible mechanisms
underlying the inhibition of ROS production by neutrophils
using ﬂavonoids is shown in Figure 1.
Selloum et al. [20] compared the eﬀects of three aglycone
ﬂavonols (myricetin, quercetin, and kaempferol) and the
natural glycoside rutin on superoxide anion radical genera-
tion. All tested ﬂavonols inhibited the pholasin luminescenceOxidative Medicine and Cellular Longevity 3
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Figure 1: Schematic diagram showing the possible mechanisms
underlying the inhibition of ROS production by neutrophils using
ﬂavonoids. The signaling molecules generally employed in medi-
ating the activation of PLD are shown (some additional signaling
molecules in these pathways are omitted). Blunt lines indicate the
possible sites of the action of ﬂavonoids (the blockade of PKC, Arf,
and RhoA, as well as the scavenging of ROS generated by neutro-
phils).
of fMLP-stimulated neutrophils. Rutin inﬂuenced the oxida-
tive burst of neutrophils in the same way as wortmannin and
LY294002, two inhibitors of the phosphoinositide 3-kinase
gamma, whereas the three other ﬂavonols showed no eﬀect.
Lee et al. [21] observed that luteolin attenuated neutrophil
respiratory burst but had a negligible eﬀect on superoxide
anion generation during PMA stimulation. Furthermore,
luteolin eﬀectively blocked MAPK/ERK kinase 1/2 and Akt
phosphorylation in fMLP- and LPS-stimulated neutrophils.
Thus, an inhibition of enzymes involved in signaling
rather than a scavenging of superoxide anion radicals domi-
nates in fMLP-stimulated neutrophils exposed to ﬂavonoids
in these particular studies.
Flavonoidsarealsothebasicconstituentsofvariousplant
extracts. For example, Pastene et al. [22] studied the eﬀects
of a standardized extract of apple peel (60% of total poly-
phenols, 58% of ﬂavonoids) with regard to the intra- and
extracellular production of ROS in human neutrophils stim-
ulated by Helicobacter pylori, PMA, or fMLP. The extracel-
lular and intracellular production of ROS was evaluated
using chemiluminescence, with the isoluminol-horseradish
peroxidase and luminol-superoxide dismutase/catalase sys-
tems, respectively. Apple-peel extract inhibited the respira-
tory burst of neutrophils induced by all three activators, in
a concentration-dependent manner. Interestingly, this eﬀect
wasobservedonboththeintra-andextracellularchemilumi-
nescence of neutrophils. This result suggests that apple-peel
ﬂavonoids could attenuate the damage to gastric mucosa
caused by neutrophil-derived ROS, particularly when Heli-
cobacter pylori displays its evasion mechanisms [22].
Kenny et al. [23] demonstrated that certain ﬂavonoids
and related compounds isolated from cocoa could moderate
a subset of signaling pathways derived from the LPS stim-
ulation of neutrophils, mainly neutrophil oxidative bursts
and activation markers. They hypothesized that ﬂavonoids
could decrease the impact of LPS on the fMLP-primed
neutrophil ability to generate ROS by partially interfering in
the activation of the MAPK pathway [23].
A Ginkgo biloba extract containing ﬂavonoids, among
other compounds, was tested by Pincemail et al. [24]f o r
its eﬀect on the release of ROS (superoxide anion radical,
hydrogen peroxide, and hydroxyl radical) during the stimu-
lation of human neutrophils by a soluble agonist. The extract
slowed down the oxygen consumption (respiratory burst)
of the stimulated cells by its inhibitory action on NADPH-
oxidase. The extract was also able to reduce the activity
of myeloperoxidase contained in neutrophils. Moreover, it
had free radical scavenging activity. According to Ciz et
al. [25], a higher number of hydroxyl substituents are an
important structural feature of ﬂavonoids in respect to their
scavenging activity against ROS, while C-2,3 double bond
(presentinquercetinandresveratrol)mightbeimportantfor
the inhibition of ROS production by phagocytes.
4.2. Scavenging of ROS Generated by Neutrophils. Flavonoids
have powerful antioxidant activities in vitro, being able to
scavenge a wide range of reactive oxygen, nitrogen, and chlo-
rine species, such as superoxide anion radical, hydroxyl rad-
ical, peroxyl radicals, hypochlorous acid, and peroxynitrous
acid.Theycanalsochelatemetalions,oftendecreasingmetal
ion prooxidant activity [9, 26–28]. Therefore, the eﬀects of
various ﬂavonoids on the respiratory burst of phagocytes
can, at least partially, also be explained by their antioxidative
properties. This means that, besides inhibiting the produc-
tion of ROS by neutrophils, ﬂavonoids can diminish the
adverse oxidative stress by scavenging the reactive oxygen
species that have already been produced.
Daels-Rakotoarisonetal.[29]preparedarose-hipextract
deprived of vitamin C (thus excluding its ROS scavenging
activity) and studied its eﬀects on polymorphonuclear neu-
trophils production of ROS such as superoxide anion radi-
cals, hypochlorous acid, and hydrogen peroxide, which may
possess deleterious eﬀects for the organism. The extract con-
tained mainly proanthocyanidins and ﬂavonoids. The results
showed that the extract inhibited ROS in acellular and cellu-
lar systems equally. They concluded that the extract did not
presentaneﬀectonneutrophilmetabolism,andthatitseﬀect
wasduetotheantioxidativeeﬀectsofrose-hippolyphenolics.
5. Effects of Flavonoids on Neutrophils In Vivo
Most papers dealing with the eﬀects of polyphenols on bio-
l o g i c a ls y s t e m sa r eb a s e do nin vitro experiments. However,
when compared to experiments in isolated cells, the observa-
tions within whole organisms revealed controversial results.
Ellinger et al. [30] observed that daily consumption of red
wine or dealcoholized red wine (red wine is well known for
its high content of ﬂavonoids) did not induce any changes in
the respiratory burst of the phagocytes of healthy adult vol-
unteers.Theyconcludedthatothermechanismsthanamod-
ulation of phagocytosis and respiratory burst of phagocytes4 Oxidative Medicine and Cellular Longevity
by polyphenols present in red wine might explain the pro-
tective eﬀects of red wine against coronary heart disease that
have been observed in epidemiological studies [30]. Henson
et al. [31] observed that quercetin supplementation for 3
weeks before and 2 weeks after the ultramarathoners com-
peting in the 160km run had no eﬀect on decreases in neu-
trophil respiratory burst activity. Rutin supplementation to
the healthy controls and Golden Syrian hamsters fed a high-
fat diet had no immunomodulatory eﬀects on the neutrophil
oxidative metabolism assessed by whole blood luminol-
enhanced chemiluminescence and 2,7-dichloroﬂuorescein
diacetate-dependent ﬂow cytometry [32].
On the other hand, L´ opez et al. [33] tested whether
dealcoholized red and white wines with high content of
ﬂavonoids can decrease the oxidative stress associated with
the development of a granuloma induced in rats by subcu-
taneous administration of carrageenan. The results indicate
that the nonalcoholic compounds of wines not only improve
antioxidant status in an inﬂammatory situation, but also
limit cell inﬁltration into the granuloma pouch, and more-
over, neutrophils from the inﬂammatory exudate of rats fed
dealcoholizedwinesshoweddecreasedsuperoxideanionrad-
ical (and increased nitric oxide) production. Thus, the deliv-
ery of ﬂavonoids directly to the inﬂamed area seems to be an
important issue in the treatment of inﬂammatory diseases.
Many of the in vitro studies did not take bioavailability
and metabolism factors into consideration, and the eﬀects
reported in those studies do not necessarily occur in vivo.
It is clear that under in vivo conditions food components
must be bioavailable in some form to exert biological eﬀects.
There have been major advances in the past few years
in our knowledge regarding polyphenol absorption and
metabolism. According to published studies reviewed by
Williamson and Manach [34], it is apparent that most classes
of polyphenols are suﬃciently absorbed while crossing the
intestinalbarrierandreachingmicromolarconcentrationsin
the bloodstream that have been shown to have the potential
to exert biological eﬀects in in vitro studies.
Manach et al. [12] havereviewedstudies wherethekinet-
ics and extent of polyphenol absorption by measuring plas-
ma concentrations and/or urinary excretion among adults
after the ingestion of various classes of polyphenol (antho-
cyanins, ﬂavonols, ﬂavanones, ﬂavonol monomers, proan-
thocyanidins, isoﬂavones, hydroxycinnamic acids, and hy-
droxybenzoic acids) were analyzed. It is apparent from the
studies reviewed that gallic acid and isoﬂavones are most
well absorbed in humans followed by catechins, ﬂavanones,
and quercetin glucosides, with diﬀerent kinetics. The least
well-absorbed polyphenols were the proanthocyanidins, the
galloylated tea catechins, and the anthocyanins.
It has to be noted that the intestinal absorption of ﬂa-
vonoids can be regulated using new delivery carriers with
good biocompatibility, biodegradability, and safety. This is
especially advantageous in the treatment of inﬂammatory
bowel disease resulting from the transmural inﬁltration of
neutrophils, macrophages, lymphocytes, and mast cells, ulti-
mately giving rise to mucosal disruption and ulceration.
Flavonoids can be encapsulated into a carrier (e.g., coated
chitosan pellets) which rapidly passes the pylorus, regardless
of the feeding state of the patient, and the inﬂuence of the
gastric emptying rate on their upper gastrointestinal transit
time is minimised [35].
Although most polyphenols are absorbed to some extent,
this is highly dependent on the type of polyphenol. Because
physiologic concentrations do not exceed 10mol/L, the ef-
fects of polyphenols in vitro at concentrations of 10mol/L
are generally not valid, with the possible (but unproven)
exceptionoftheintestinallumen.Furthermore,absorptionis
accompanied by extensive conjugation and metabolism, and
the forms appearing in the blood are usually diﬀerent from
the forms found in food. This indicates that in vitro experi-
ments with the form of polyphenols found in food (the agly-
cone)arenotnecessarilyrelevanttotheinvivosituation[36].
There are now many intervention studies in the literature
that demonstrate signiﬁcant biological eﬀects of polyphenol
consumption among humans, with the use of many diﬀerent
biomarkers. Some of the papers described intervention stud-
ies involving consumption of foods, and, in many of those
cases, it was not proved that the observed eﬀects were attri-
butable to the polyphenol component.
6. Summaries
Resultsofvariousstudiessuggestthattheinhibitoryeﬀectsof
ﬂavonoids on the respiratory burst of phagocytes are medi-
ated via various mechanisms. It can be concluded that the
eﬀectsofﬂavonoidsonmammalianneutrophilsarecomplex,
and that several sites of action depending upon the ﬂavonoid
structure, ﬂavonoid’s subcellular distribution, and pathway
of stimulation are included.
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